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SECUAITY CLASSIFICATION OF {THIS PAGE %hen Deta Entered)

~Studies have been done that involve synthetic as well
as naturally occurring clostridial neurotoxin antagonists.
Ammonium chloride {(1-8 mM) and methylamine hydrochloride (1-16 mM)
produced concentration-dependent antagonism of the onset of
neuronuscular blcikade caused by botulinum toxin types A, B and
C {ali-at 1 x 1071 M} and by tetanus toxin {3 X IO ). Neither
drug antaconlzec the onset of paralysis caused by 8- bUngarotox1n
{(I"'%x> 1077 M)-or by taipoxin-dlx—+0=8 M}. At concentrations
that produced antagonism of clostridial neurotoxins, ammonium
chloride and methylamine hydrochloride (8-10 mM) did not inactivate
toxin molecules, |nor did they produce irreversible changes in
tissue function.| When studied under conditions that impose nar-
tial synchrony on the mechanism of clostridial neurotoxin action,
ammonium chloride and methylamine hydrochloride did not inhibit
ligand binding and did not reverse neurcmuscular blockade. The
drugs acted solely to antagonize internalization of toxins by
cholinergic nerve endings. As a result of inhibiting the process
of internalization, the drugs trapped the toxins at an antitoxin

sensitive site.

Tetanus toxin, fragment B and fragment C were assayed
for toxicitcy on the mouse ghrenic nerve-hemidiaphragm preparation,
The native toxin|was a potent blocker of neuromuscular trans-
mission; fragment B possessed little toxicity and fragment C was
atoxic. Pretreatment of tissues with fragment C antagonized the
neuromuscular blocking properties of tetanus toxin, but not those
of type A botuli Lum toxin or f#-bungarotoxin. Fragment C exerted
its effect by competlnc with unbound toxin for receptor sites on
the nerve membrane. The fragment did not: 1i.) dlsplace bound
toxin, 1i.) inhi$it internalization of toxin, or iii.) inhibit
intracellular expression of toxicity. In assays on intact cells,
under conditions|in which toxin binding was not dissociable,
fragment C_binding to phrenic nerves had an apparent K, of
~1.4 x 10-7 M. omogenates of mouse cerebral cortex acsorbed
tetanus toxin, and these homogenates competed with phrenic nerves
for unbound toxlh,_nHomonenlzed cortex did not displace or rromote
desorption of toxkin already bound to phrenic nerves. Homoagenates
of eel and toroedo electric organ were not very effective in

adsorbing toxin. 0
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5. Progress Report

A. Synthetic antagonists of toxins.

Botulinum toxin and tetanus toxin are potent pharma-
cological substances that block the release of acetylcholine at
the cholinergic neuromuscular junction (Burgen et al., 1949;
Brodks, 1956; Habermann et al., 1980). No drug has been
identified that reverses paralysis caused by these toxins, but
several procedures have been shown to delay onset of paralysis.,
éor‘example, lowering temperature, decreasing ﬁhe rate of nerve
stimulation, or modifying the ambient concentration of calcium
can slowlthe development of toxin-induced neuromuscuiar blockade
(Burgen et al., 1949; Thesleﬁf, 1960; Hughes and Whaler, 1962;
Habermann et al., 1980; Schmitt et al., 198l). .All of these
procedures exert their effects wholly or in part by altering
the probability of transmitter release (DasGupta and Sugiyama}
1977; Simpson, 1981). |

The purpose of the present report is to introduce a new

class of drugs that can antagonize the onset of paralysis caused

by clostridial neurotoxins. These drugs include ammonium chloride

and a series of short chain alkylamines, for which methylamine
hydrochloride 1s a representative member. These drugs do not act
ol% modityin; the provability of transmitter release from nerve
endlﬁgs;‘instead, they modify the probability of toxin entry into
n2rve endings.

The propecsed mechanism of clo~tridial neurotoxin
action, using botulinum toxin {BT) as a prototype, can be

written as £»ollows (Simpscna, 1981l):




1. BTo + Ry » BTo:Rp
2. BTg-R; - BT; + R
3. BTj + Ry » BT{-Ry
According *to this scheme, botulinum toxin acts extracellularly

(BTo) to bind to a cell surface receptor (Rj). This complex

is internalized, after which intracellular %toxin (BTj) separates

from its membrane receptor. The tnxin then binds to a second

receptor (substrate?; Rj), and the ;esult'of *his interaction is
blockade of transmitter release.

Two classes of drugs have been found that antagonize
the fir;t reaction. Certain gangliosides antagonize‘the binding
of botulinum toxin (Simpson and Rapport, . 1371; Kitamura et al.,
1980) and tetanus *“oxin (Van Héyningen and Miller, 1961) to
nerve membranes. Gangliosides may be toxin recep*ors, and thus-
exogenous gangliosides compe*e with membrane gangliiosides for
the binding moiety on clostridial neurotoxins. 'In addition,
polypeptides cleaved from native toxins antagonize the binding
of clostridial neurotoxins (Kozaki, 1979; Morris et al., 1980).
These polypeptides are believed to contain the fragments that
recognize membrane receptors, so the polypeptides compete with
toxins fbr tissue binding siﬁes. |

The present s+udy describes a class of drugs that
antagbnize the second reaction, There are a number of pharm-
acologically ac-ive substances that must be internalized by
target cel.s *o exert their effects (Neville and Chang, 1978).
In addi“ion, “here are drugs tha% are known %o delay the onse“

of effec* of *hese in%ernalized subs-ances. The drugs “ha*




have been most carefully studied are chloroquine, ammonium
chloride and methylamine hydrochloride (DeDuve et al., 1974;
Goldstein et al., 1979; Pasten and Willingham, 1981). 1In a
recent study, chloroquine was shown to delay the onset of
neuromuscular blockade caused by botulinum toxin (Simpson,

1982). However, there are two limitations associated with the
use of this drug. Chloéo@uine is itself a neurohuscular blocking
agent, and this complicates its use as a botulinum toxin
antagonist. Furthermore, chloroquine antagonizes only botulinum.
toxin; at usable concentratiéns it is not an antagonist of
tetanus toxin. The present study was done to determine yhether
ammoni.m chloride and methylamine hyd-ochloride could antagonize
botulinum toxin <ithout themselves éausing neuromuscular
blockade. Beyond this, it was of interest to determine whether
the drugs could antagonize tetanus toxin.

It has been found that both ammonium chloride and
meihylamine hydrochloride produce concentration-dependent
antagonism of the onset of paralysis caused by botulinum toxin
and tetanus.toxin, but they do not antagonize other presynapﬁic
toxins such as 2-bungarotoxin or taipoxin. The concentrations
of ammonium énloride and methylaﬁine hydrochloride that antégéni7f
clostridial neurs>toxins are eqguilivalent to those that procduce
antagonism of other protein toxins (e.g., Kim and Groman, 1965;
Ivins et al., 19i5), yet they are lower than those that produce
neuromuscular blockade.

Ammunium chloride and methylamine hydrochloride do

“not oact by iLnhibiting the binding of cleostridial neurotoxins to
J = g
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membrane receptors. When studied under conditions that permit

toxin binding but which delay events after binding, neither
ammonium chloride nor methylamine hydrochloride antagonized

onset of neuromuscular blockade. Similarly, when studied under

condiﬁions in which pbinding and traﬁslocation had already gone
to completion, the drugs once againvlacked antagonistic activity.
Ammonium chloride and methylamine hydrochloride exerted their
protective effects only when they were present during the

process of translocation.

Experiments with botulinum antitoxin support the con-

cept that ammonium chloride and methylamine hydrochloride affect

the process of internalization. When control tissues were ex-

posed to botulinum toxin at a physiological temperature, the toxin
disappeared from the neutralizing effects of antitoxin within 30

to 40 minutes. However, when tissues were treated with ammonium

chloride or methylamine hydrochloride and then exposed to

botulinum toxin, the toxin did not completely disappear from
accessibility to antitoxin for 80 to 90 minutes. The most
plausible explanation for these data is that clostridial neuro-
toxins must be internalized to exert their neuroparalytic effects,

and ammonium chloride and methylamine hydrochloride act to

inhinit rhe process of translocation.

There are two aspects of the data that deserve comment .
The fact that ammonium chloride ard methylamine nydrochloride
antagonize botulinum toxin and tetanus toxin means they are
unigue drugs! They are amony the first substances to_be de-

scribed that antagonize more than one class of presynaptic
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toxin, and which do so oy a mechanism other than altering the
probability of transmitter release. In a somewhat different
vein, there are many cell types that internalice ligands by the
process of receptor mediated endocytosis, and whose mechanisms
of endocytosisv;re vulnerable to the pharmacological actions of
ammonium chloride and methylamine hydrochloriae (Pastan and
willinghém, 1981). The present study is the first to provide
2vidence cthat cholinergic nerve endings have a mechanism for
endocytosis that is vulnerable to ammonium chloride and methyl-

amine hydrochloride.

B. The binding fragment of tetanus toxin versus

native tetanus toxin.

Tetanus toxin is an unusually potent substance that
Iacts presynaptically to block neurotransmitter release (Bizzini,
1979; Wellhoner, 1982). 1In the central nervous system, the
toxin acts at various sites to prevent release of gama-amino-
butyric acid, glycine, norepinephrine and acetylcholine
(Osborne and Bradford, 1973; Bigalke et.él., 1881). In the
peripheral nervous system, the toxin acts at postganglionic
parasympathetic sites and at the neuromuscular junction to
prevent release of acetylcholine (Ambache et al., 1948;
Blgalke and Hebermann, 1980; see Habermann et al., 198V, for
references on neuromuscular transmission).

The precise mechanism by which the toxin inhibits
transmitter celease has not peen fully determined. However,
studies on the neucornuscular junction shggest that toxin-

ingucad dlockade involves a setcuence of three reactions
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(Schmitt et al., 1981). There is an extracellular binding

step, an internalization step, and an intracellular lytic

step.

The three reactions that account for the pharmaco-

logical effects of tetanus toxin can be related to three
ﬁunctional domains within the toxin molecule. .Tetanué toxin

is a 150,000 dalton protein that is coﬁposed of two bolypeptide
chains (neavy chain 100,000 daltons; light chain 50,000 |
daltons) that ares linked by a disulfide bond (DasGupta and
Sugiyama, 1977; Bizzini, 1979; Wellhoner, 1982; Ropinson and
Nash, 1982). The heavy chain mediates both receptof binding
and internalization. More precisely, the 50,000 dalton
cafboxy-terminus of the heavy chain (fragment é) binds with
high affinity tc receptors in nefve tissue (Morris et al.,
1986; Goldberg et al., 1931), and the so',o.oo dalton amino-
terminus of the heavy chain forms channels in membranes

(Rogquet and Duflot, 1982). The light chain acts intracellularly

to block transmitter release, but the nature of the lytic
step 1s unkhown. |

Studies on the pinding of tetanus toxin and fragment
C to nerve tissue have been ddne mainly on broken ceLl prepara=-
tions from the central.nerQOUS system (Morris et al., 1980;
Goldberé et al.} 1981; Roger end Snyder, 1981l). These studies
have shown that native toxin and fragment C compete for the

sam2 receptor, and thus fragment C can occlude binding of the

parant molecule. The purpose of the present report is to

extend these findings £0 an intact cell pregaration. vata
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are presented which show that fragment C binds to the isolated
rhrenic nerve-hemidiaphragm preparation, and in doing so it
antagonizes the neuromuscular blocking actions of native
tetanus toxin,

- In accordance with earlier 'findings (see Habermann
et al., 1980, for brief review), tetanus toxin was shown to
block neufomQScular transmission. Fragment C was devoid
of toxicity, but‘fragnent B was weakly toxic. ‘Helting et al.
\1978., who used an (n vivo assay, have also presented evidence
that frayment B is weakly toxic. These findings suggest that

‘fragment B should be purified to homogeneity and then testéd
for activity'on isolated neuromuscular preparations. Such.
work would clarify whether neurotoxicity associated with ‘ T
fragment B is real (i.e., due to the fragment itself) or only o
apparent (i.e., due to trace contamination with tetanus toxin).' . l1

Although fragment C did not possess toxicity, it did

antagonize the neuromuscular blocking properties of tetanus
toxin. This represents the first veport that an atoxic.
fragment of a clostridial neurotoxin is capable of antagonizing

-.the actions of a native toxin.

The ability of €fragment C to antagonize the parent

molecule was specific, as judged by two lines of evidence.
. . Y
Firstly, fragment.C antagonized only tetanus toxin; it did ‘ ;i
not antagonlze other presynaptlc toxins such as botulinum ‘ g!
o

toxin type A cor i-bungarotoxin. Secondly, binding fragments

that antagonize other toxins, such as cholera toxin (e.g., B8

Subunit) and aiphtheria toxin te.g., CRMjy7), did not
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antagonize tetanus toxin, nor did they altcr the effects of :'
fragment C. i“
The interaction between fragment C and tetanus toxin :
appearéd to involve the cell surface receptor. This conclusion : ::
is supported by the finding'that fragment C antagonizéd unbound o
toxin, but it did not antagonize bound toxin. The latter -
result indicates that, under the conditions used in the present ‘Ef
study, fragment C did not displace bound toxin, 'é.

Experiments with tissue homogenates confirmed the

. observatio that tetanus toxin was tightly bound. Homogerates

R AR LN
¥ L

of cerebral cortex adsorbed toxin from sfolution, and these

q*

homogenates competed with phrenic nerves for toxin in solution.

f

-

However, homogenates of cortex did not promote desorption 'of

R A

¥
LG

.toxin already bound to the phrenic nerve.

1.
i

Relative to cerebral cortical tissue, eel and torpedc

elecrric tissue aid not adsorb much. toxin. The failure of ;1
electric tissue to bind substantial amounts of tetanus toxin 3
could mean the tissue has relatively few toxin receptors.

Several Jroups have proposed tﬁat gangliosides'are receptors :i;

- for tetanus toxin (van Heyning2n, 1974; Helting et al., 1977;

Bizzini, 1978; Morris et al., 1980; Goldberg et al., 1981;

Rogyers and Snyder, 19Ygl; but see Yavin et al., 1981). Interest-

ingly, there are no reports on the ganglioside composition of

synaptic membranes from electric organs. It would be worthwile

to assay these tissues for gangliosides} and then to relate

Janglinside content to toxin adsorbing ability.

ed tnus fac, the cata sujgest that fragment

n
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C binds to phrenic nerves, competes with tetanus toxin for its
receptors, but does not compete with other toxins for their
receptors. The data do not, however, answer one especially
important question: What is the nature of the receptor for
which f;agment C and tetanus toxin compete? There are no
published data that permit one c¢5 decide whether the tetanus
toxin receptor in brain ig thé same as the tetaﬁus toxin

"reéeptor in peripheral nerve. 1In addition; theve is ﬁo basis
on which to decide whether the peripheral rereptor mediating
toxin-induced spastic paralysis is the same as that mediating
toxin-induced flaccid paralysis.

The identity or non-identity of putative receptors
can be determined by comparing their tesﬁective pharmacologiéal
lprOperties. An ideal approach wo.ld be to coﬁpete'thelabilit%
of a series of druygs to inhibit t)xin binding at one recepgor
site with the ability of these same drﬁgs to inhibit binding
at another receptor site. Unfortunately, no drugs have been
found that have high affinity for any tetanus toxin receptor,
SO this approach for comparinyg re ‘eptors cannot as yet be
pursued.

An alternative i% to determine the apparent Ky
cdescribing the binding of tatanus toxin or frajment C to
central and peripheral receptors, and then to compare these

kineti1c constants. Goldbery et al. (1981) and Rogers and

sny ier (1941) have reported that tetanus toxin and fragment C
Dind to brain tissue with a < 1n the nanomalar ranje.  [Mas
15 mucn lower than the apparent Ky oblained in tne orasoent
< (‘, o PRI PRt R - 2 - . . . - » . . . .A )
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study, which was 1.4 x 10-7 M. However, the methods used

were substantially different. Goldbery et al. (1981} did
direct binding assays on non-functioning cells under conditions
in which ligand binding was dissociable. The present study

did indirect assays on functioning cells und=2r conditions ip
which ligand binding was noﬁ dissociable. The marked differ-
ence in Kp valﬁes is probably a reflection of the difference

in techniques used to generate the values.

Efforts are underway.to study the binding of tetanus
toxin to central aqd peripheral tissues'under comparable con-
ditions. However, it must be acknowledged that th{s will be
difficult, There are relatively'few problems assdciaced with
the experimental use of functioning peripheral nerves, but
there are numerous problems aséociatedl;ith the use of
functioning brain cells (see Colliﬁgridge and Davies, 1982).
Conversely, many techniques have been described for isolatind
synaptic membranes from central nerves, but no techniques
have been described for isolating workable quantities of

synaptic membranes from phrenic nerves. These matters make

it clear that studying the central and peripheral actions of

tetanus toxin under strictly comparable conditions will not ne
Ca%y .

C. The bindiny tragment of tetanus toxin versus

wotulinum toxin.
The tact that botulinum toxin and tecanus toxin are

similar in their respective structures and pharmacolnjical

ACTLIVILLIeS S ests that expoariments should to gone 2 dorers




mine whether they share a common receptor, a common mechanism

for internalization, or a common intracellular substrate.

. The present report examines the first of these three possi-

bilities. Data are presented which suggest that certain
botulinum toxins and tetanus toxin recognize similar membrane
determinants.

Several gfoups have shown that clostridial neuro-
toxins bind with high affinity to receptors in brain. The
heévy chain of botulinum toxin competes with its parent mole-

cule for binding sites (Kozaki, 1979; Williams et al., 1983),

and the heavy chain of tetanus toxin combetes with its parent

molecule for binding sites (Morris et al., 1980; Goldberg et
al,, 198l). 1In contrast to work on the central nervous system,
work oﬁ‘the neuromuscular junction has not demonstrated directly
that there are high affinity.binding sites for botulinum toxin
or tetanus toxin. In fact, high affinity binding sites have
not been demonstrated directly for any toxin that acts pre-
synaptically at ;he neuromuscular junction (Q.g.,ls—bungaro-
toxin, taipoxin, notéxin, erc.) The relatively small number
of nerve cells, combined with the presumed small number of
bindiny sites, has posed serious methodoloyical probléms.
However, work described in the previous section has provided
indirect evidence tor speclfic binding sites for tetanus toxin,
[t was shown that the binding tragment from tetaﬁus hoxlﬁ did
not block neuromuscular transmission, but the fragment did
antagjonize the ability of native tetanus &oxin to b\ock‘neuro-

mUsSCAdLlar transmission.,




T

The technigues that were used to study tetanus toxin

have now been used to study botulinum toxin. The data indicate

(ad

that at the same concentration at which the binding fragmen

antagonizes tetanus toxin, the fragment also antaconizes neuro-

toxin types C and E.

In a series of preliminary experiments, the binding

fragment of tetanus toxin was examined for its ability to

antagonize each of the seven botulinum neurotoxins. The

fragment did not produce detectable antagonism of five of the

neurotoxins (types A, B, D, F and'G). .In relation to this

apparent absence of antagonism, two points should be made.

Firstly, the technigue used to detect antagonism was, in essence,

a bioassay (paralysis of hemidiaphragm), and this technique

not as sensitive as radioreceptor binding assays. This means

there could have been antagonism of binding that tell below

limits of detection by bioassay. Secondly, the concentration

of binding fragment that was Eested was within the range of

is

the

that which antagonizes tetanus toxin. Perhaps higher concen~

trations would have antagonized all botulinum neurotoxins, |but

these concentrations are above the range (> 108 M) of authentic

|
pharmacological interest. |

The 1nteraction between the binding frayment of

tetanus toxin and botulinum toxin type C was studied in sone

detail, and the results support two major concdlusions: 1.)

the pharmacological actions of toxins and bdinding tragment |wore

due t£O homogrneous pregarations »f protein that were free of

51gntflcant contaminarion, and 11.) the

anta;onlsm DL exias
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produced by binding fragment occurred aﬁ the level oﬁ the
cell membrane.

Most pharmacological experiments with clostridial
neurotoxins are not done with purified material. More typi-
cally, experiments are done with crystalline type A toxin,
which is an éggregate of neurotoxin and hemagglutinin, or with
impure preparations obtained from culture supernatants. In
the present study, impure preparations were used to screen
toxins that would interact with bindiny fragment, but a pure
preparation of botulinum neurotoxin was used for subseduent
experiments. Thus, type C botulinum toxin, as well as tetanus
toxin and binding fragment from tetanus toxin, were all reasonébly
homogeneous, as judged by HPLC.

Evidence was also c¢btained to show that thé binding .
fragment fatﬁer than any contaminant was responsible for
antagonism of neurotoxins, Both the frégment and pharmacological
activity eluted from G-25 columns at the void volume, indicating
that salts and small molecular weight compounds were not
involved. _The‘fragment and pharmacological activity wére
retained during dialysis (molecular weight cutoff = 25,000),
indicating that compounds of intermediate molecular weight were
not involved. And finally, HPLC studies revealed that the bnly
%arge molecule present in the binding fragment solution was the
fragment itself,. .

The data indicate that binding fragment and botulinum
neurotoxin interact at the level of the cell membrane. For

example, tissues were lacubatec with proteins under conditions
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(low temperature; no nerve stimulation) that allowed binding *o
go to completion but which retard internalization (cf. Simpson,
1980; Schmitt, 1981). Under these conditions, the binding

fragment antagcnizéd type C neurotoxin if it was added bhefore

the toxin but not if it was added after toxin. When viewed

in the context that binding fragment did not inactivate the

toxin molezule, the data strongly indicate competiticon for a

membrane binding site.

Although the data suggest interaction at the level
of the cell membfane, *hey do not necessarily‘iﬁply‘inieraction
a*t the toxin receptor(s). Three possible explanations must be

considered: 1i.) the receptor for tetanus toxin is the same as

that for type C and/or type E botfulinum toxin, ii.) the receptor
for tetanus toxin is similar to but not identical with those

for bo+tulinum toxins, or iii.) tetanus toxin and botul inum

toxin interact with a common molecule other than the receptor,
such as a molecule tha* promotes internalization.
There is as yet no basis for deciding which of these

possibilities is more likely. However, there is a line of

investiga%ion *ha*t may yield helpful answe:s; Van Heyningen
and his associa*es have éhown tha® tetanus %toxin binds to
gangliosides (Van Heyningen, 1959; Van Heyningen ang Miller,
1961), and fhg finding has been reproduéed'(MorrLs et al.,
1980; Rogers aﬁd Syhder, 1981).‘ Similarly, Simpson and
Rappor® (1971) showed *tha* bo=ulinum toxin binds %o gangiio~
sides, and *heir findings have also been confirmea (Kitamura‘

e al., 1980). 1In all cases, “oxin binding %o gangliosides,
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which are naturally occurring constituents éf nerve membranes,
inactivated the toxins, It has been proposed thét gangliosides
or éialoglycoproteins could be toxin receptors, or they could
be molecules that mediate internalization. Conceivable, a
'determination of the role played by sialic acid containing
molecules would help resolve the mechanism by which the bind;ng

fragme 1t of tetanus toxin antagonizes botulinum toxin.
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